Far-field optical lens resolution is fundamentally limited by diffraction, which typically is about half of the wavelength. This is due to the evanescent waves carrying small scale information from an object that fades away in the far field. A recently proposed superlens theory offers a new approach by surface excitation at the negative index medium. We introduce a far-field optical superlens (FSL) that is capable of imaging beyond the diffraction limit. The FSL significantly enhances the evanescent waves of an object and converts them into propagating waves that are measured in the far field. We show that a FSL can image a subwavelength object consisting of two 50 nm wide lines separated by 70 nm working at 377 nm wavelength. The optical FSL promises new potential for nanoscale imaging and lithography.
The discovery of Ernst Abbe in 1873 set the fundamental far-field resolution limit for an optical lens known as the "diffraction limit", which typically is about half a wavelength. 1, 2 Although shorter wavelength electron beams and X-ray sources have improved resolving power, 3,4 the diffraction limit remains a formidable barrier. Near-field scanning optical microscopy (NSOM) forms images by scanning a sharp tip in close proximity to an object. The near-field profile is thus collected "point-by-point", which is a rather slow process that is incapable of projecting realtime images in the way lenses do. [5] [6] [7] Other techniques, based on nonlinear optical effects, have been proposed to improve resolution. 8 Recently, stimulated emission depletion fluorescence microscopy has emerged as one of the most successful techniques for subdiffraction-limited imaging, which cleverly uses saturation transitions between energy states of a fluorescence dye immersed in the object in shaping a subdiffraction spot. 9 However, this approach also requires time-consuming scanning of the object, in addition to the use of dyes and high illumination intensities to achieve the necessary nonlinear response. Recently, a remarkable perfect lens concept has been proposed that has the potential to recover lost evanescent information. 10 This is accomplished by coupling evanescent waves from the object to surface excitations on a slab of negative refractive index material. The lens compensates for evanescent wave decay in free space using the strong enhancement provided by the surface excitations, thereby restoring the evanescent components and projecting a perfect image. This effect has been studied for a wide range of frequencies in both composite metamaterials [11] [12] [13] [14] and photonic band gap crystals. [15] [16] [17] [18] Recently, optical superlensing has been successfully demonstrated using a silver 19 or SiC slab. 20 However, the superlenses experimentally demonstrated so far are only capable of projecting an image in the near field; due to the intrinsic losses, a simple slab superlens is "near-sighted". 21 Far-field imaging with a superlens still remains a great challenge to many exciting applications. In this Letter, we demonstrate a far-field superlens (FSL) concept with subdiffraction-limit resolution.
The proposed FSL is made of a slab superlens with periodic corrugations. 22 Positioning of a FSL in the vicinity of an object results in significant enhancement of the evanescent waves scattered by the object. The enhanced evanescent components are then converted into propagating waves by a periodic corrugation. As an example, we show a silver superlens with a subwavelength grating in Figure  1a . The evanescent waves scattered from the object are coupled to collective electron oscillations on the metal surface, namely, the surface plasmon (SP), resulting in a significant field enhancement. Combining the FSL with a regular optical microscope, simulation shows that a subdiffraction-limited object can be clearly imaged in the far field (Figure 1b,c) .
Subwavelength gratings can be used to convert evanescent waves into propagating waves by shifting their incident field wavevectors, k in , into the various diffraction orders, i.e., k ) k in ( mk Λ , where k Λ ) 2π/Λ, m is the diffraction order, and Λ is the grating period. 2 The far-field signal at a given k is therefore a superposition of the various diffraction orders of waves. For example, incident waves with wavevectors k 1 , k, and k 2 can be simultaneously mapped into a single propagating wave through the -1, 0, and +1 diffraction orders, respectively (Figure 2a ). This many-to-one "wavevector mixing" makes the unique retrieval of the original evanescent components impossible, which is why a standard grating configuration fails to form an image in the far field. 23 Earlier efforts were made to increase the numerical aperture of an optical system when a one-dimensional object was imaged by misalignment of the two gratings. 24 This method however, only dealt with propagation waves that resulted in a diffraction-limited image. By contact of the two gratings, recent work shows it is possible to image the subwavelength periodical grating; 25 however, it is inherently limited to a one-dimensional periodical object. Additionally, because of the very low coupling efficiency between two gratings for evanescent waves, the object grating has to be periodic in order to obtain a larger value at specific angular momentum and also has to be physically contacted with another grating. Therefore it cannot provide a general far field imaging method.
We designed a general FSL with unique optical transfer function (OTF) that enables the unambiguous imaging at far field. 22 The OTF, which measures the field ratios before and after the FSL, has the following two special characteristics: a negligible coupling to diffraction orders other than the first and strongly enhanced the first-order OTF over a band of wavevectors, as shown in Figure 2a . By such an ideal transfer function, one can unambiguously map an evanescent band into the propagating band. For example, the far-field radiation at a given k may now consist of only two evanescent components, k 1 and k 2 . When examined in conjunction with an ideal design of OTF (red line in Figure 2a ), the contribution of k 1 into the far field is negligible, ensuring that only the k 2 component scatters into the propagating mode. Such a one-to-one relationship ensures an unambiguous image for the subwavelength details.
At optical frequencies, metals can support the excitation of surface plasmons. The electromagnetic field enhancement facilitated by SPs is wavevector dependent as a result of an intriguing interplay between the SP modal dispersion and radiative and intrinsic metal losses. [26] [27] [28] Such a wavevector dependence can be used for designing a FSL with OTF that closely satisfies the requirements detailed above. We have designed a silver FSL, illustrated in Figure 2b , that maximizes the first order of diffraction for the evanescent component while minimizing the rest. Such OTF selectivity is accommodated by two unique properties of metals. First, SP modes with large k vectors, corresponding to higher diffraction orders, are inherently lossy, resulting in very low transmission. Second, the zero-order transmission can be substantially reduced through the FSL's design.
The FSL geometrical parameters, shown in Figure 2b , are optimized using rigorous coupled wave analysis (RCWA). 29 The calculated OTF in Figure 2c shows that the FSL can indeed significantly enhance evanescent waves and effectively couple them into the far field by predominantly first-order diffraction. The permittivity of silver is taken from the literature, 30 and the refractive index of PMMA is 1.52. The zero-order diffraction is suppressed, as shown by the green curve in Figure 2c . The unambiguous retrieval of evanescent waves is possible over 2.8k 0 < |k| < 4k 0 (green bars). The lower end points of the retrieval bands are determined from the requirement that the ratio between the OTF for -1 and +1 orders should be larger than e. This condition assures that wavevector mixing between these two components is minimized. By applying grazing angle or structured illumination, it is possible to cover the gap of 1.5-2.8k 0 . 31 Combining these techniques with FSL provides a continuous and larger band of wavevectors (|k| e4k 0 ), capable of resolving object features as small as λ 0 /8. As a comparison, a typical oil immersion optical microscope is limited by |k| e1.5k 0 . The FSL clearly enables the resolution at the subdiffraction limit.
We should note that even though a FSL can project highresolution information into the far field, it has to be physically placed in the near field of an object. The evanescent waves from the object have to reach the FSL before their vanishing thus assures the proper functionalities of a FSL. From this point of view, FSL and NSOM share the same intrinsic limitation. However, the working principle of a FSL, and thus the performance, is completely different with NSOM. A FSL converts evanescent waves into propagating waves in a controllable fashion, i.e., "one-to-one" wavevector conversion. This is the essence of a projection lens, which enables a FSL to directly project a frame of image into the far field. A sharp tip of a NSOM, on the other hand, only scatters localized light out of the near field. A scanning process, therefore, has to be associated to form a real image.
We performed experiments using FSL and a onedimensional chromium subwavelength nanowire array as an
nm, respectively. A 35 nm thick spacer of poly(methyl methacrylate) (PMMA) was planarized between the object and the FSL. The silver FSL was then fabricated by thin film depositions and e-beam lithography. The far-field images were obtained by placing the combined object-FSL sample under an optical microscope (Zeiss Axiovert mat 200, 100× oil immersion objective, NA ) 1.4). The sample was illuminated by normally incident, p-polarized laser light at 377 nm wavelength (coherent RADIUS 375-8). The far-field images were recorded using a UV-sensitive CCD camera (Princeton Instruments VersArray 1300F).
It can be clearly seen that the FSL projects distinctive fringe images for each object (Figure 3a) . The periodicity of the fringe images in the far field increases for objects with characteristic sizes that approach the period of the FSL grating (Λ ) 150 nm). This effect is similar to Moiré fringes but occurs in the near-field zone. The fringe period, δ, is inversely proportional to the difference between the object's evanescent wavevectors and that of the FSL grating: δ ) 2π/∆k, where ∆k ) |k obj -k Λ |. For example, an object with a 120 nm spatial period projects far-field fringes with δ ) 600 nm. Thus, using this far-field superlens optical microscope, we showed far-field imaging of objects below the diffraction limit of the conventional optical microscope (λ/ NA ∼ 270 nm). In support of these observations, the measured OTF agrees well with the RCWA calculations (Figure 3b ). The error bar represents the variation for each sample along the x-axis. A strong wavevector-dependent enhancement of the first order is observed, ensuring an FSL resolution up to 4k 0 . Additional calculations are performed by replacing the silver slab with dielectric PMMA of the same thickness while leaving the metallic grating of FSL in place, and we found, under p-polarization, a very low OTF (blue solid curve). We further observed that, without a silver slab (lower insert compared to the upper one in Figure 3b ), a simple grating cannot form an image in the far field that represents the subdiffraction-limited features due to the diminished evanescent field before reaching the grating.
We also performed a control experiment on the same FSL (Figure 3d) . Under s polarization, SP excitation on the FSL's surface is not permitted, and thus evanescent wave enhancement does not occur. The distance between the FSL and object is 35 nm, which is about the decay length of the evanescent waves. The evanescent components rapidly diminish over 70 nm distance before reaching the grating of FSL to be converted to the far field, resulting in an image with no features beyond the diffraction limit. The far-field superlens optical microscope images show that the fringe pattern typical for the p polarization (Figure 3c ) is absent under s-polarized light (Figure 3d ). This is also confirmed in the Fourier spectra. For p polarization, two well-defined symmetric peaks can be seen around 0.4k 0 , corresponding to the object's evanescent field at 2.9k 0 ( Figure 3c) ; no such response is observed for s polarization (Figure 3d ). This demonstrates that the SP enhancement of the evanescent waves on the metal slab is one of the key factors enabling the far-field superlens optical imaging with a subdiffraction limit.
As a simple example to show the imaging of an arbitrary object, we use a pair of line objects of 50 nm width with a 70 nm gap (Figure 4a ). This line pair object has a broad Fourier spectrum within the limit where silver FSL operates (SOM). As expected, optical imaging through a conventional optical microscope cannot resolve the line pairs due to the diffraction limit (Figure 4b ). For FSL imaging, a typical image processing procedure was employed on the pattern captured by the CCD (SOM). First, the Fourier spectrum of the image at CCD was obtained. Because of a slight misalignment between the object and FSL, the first-order diffraction from the FSL can be determined, which is then unfolded back to its original location. The real space image was finally obtained by the second Fourier transformation on the unfolded spectrum. Because s polarization does not excite the surface plasmons at FSL, evanescent waves from the object decay rapidly and become negligible after FSL, leaving only propagation components that result in a diffraction-limited image similar to that from a conventional optical microscope image (Figure 4c ). In contrast, for p polarization, the evanescent waves from the object gain significant enhancement by the excitation of surface plasmon in the silver superlens and subsequently are converted into measurable propagating waves at the far field. By combination of the evanescent components from the p polarization with the propagating components from s polarization, the pair of lines of 50 nm width can be clearly imaged ( Figure  4d ). The FSL image cross section profiles are compared with those obtained from a regular optical microscope and control experiment using s polarization (Figure 4e) . The data were averaged along the length of the wires. This strong polarization dependence further confirms that the surface plasmon assisted evanescent wave enhancement plays the key role in the FSL. Using the same method, we have also successfully imaged a three-line object with similar dimensions (SOM). The image processing procedure used here is rather straightforward compared with that used in MRI and X-ray crystallography. In fact, direct FSL imaging without postimaging processing can also be performed by using all optical hardware after FSL such as beam splitters, lens, and gratings. Combining both s and p polarizations, FSL can capture simultaneously both propagation and evanescent bands in a single measurement with full bandwidth of 4k 0 and project a subdiffraction image that allows real-time imaging. Though we showed here imaging of a two-line object as a simple example to demonstrate the concept, general FSL imaging is not limited to one-dimensional objects and has the potential to be used for more complex 2D imaging.
In our proof-of-concept experiment, an object sample combined with a FSL was used. The distance between the object and the FSL can be precisely controlled in nanometer scale by a spacer layer. In practice, the object is detached from the FSL. However, one can always bring the object in the near-field of the FSL by adopting some special techniques. For instance, people have utilized pressure to bring the two pieces into contact.
Another thing we want to mention is the working wavelength. Because we know that the spectacular properties of a FSL are essentially assisted by a broad band surface plasmon excitation on the FSL and we also know that the surface plasmon mode is determined by the material properties from both the metal and the dielectric so that the working wavelength of a FSL can be tuned by changing either the . The calculation of a simple grating by replacing the silver slab with PMMA (blue solid curve) shows a very low OTF due to the absence of evanescent wave enhancement. The upper and lower insets compare the computed field distribution after a subwavelength object with FSL and with the simple grating without silver slab, respectively (the object with 120 nm period, i.e., k ∼ 3.14k 0 ). A clear image can be seen from the FSL sample at the far field due to the strong evanescent enhancement via silver slab, while no such image is obtained with a simple grating. (c,d) Measured far-field patterns (inset) and their Fourier spectra for the 130 nm object under p and s polarization, respectively. As a control experiment, s polarization does not undergo the surface plasmon mediated enhancement at the FSL, resulting in no characteristics of the object at far field. metal or the dielectric. For example, the working wavelength of a silver-structured FSL can move to visible range if a very high refractive index dielectric is used. We will describe the details of designing a visible FSL elsewhere.
The essential function of imaging devices lies in its ability to convert the larger wavevector information to a smaller one that can be detected either optically or electronically. Optical microscopes, for example, use lenses to magnify the micrometer scale features to millimeter size that is visible to the human eye. Transmission electron microscopes, on another hand, by using electrons that have a shorter wavelength, magnify objects down to the nanometer range. In a similar manner, the superlens takes advantage of the short wavelength of surface plasmons and effectively enables one to image at subdiffraction limit. The superlens imaging has been recently demonstrated in the near field, 19, 20 and now it is further shown at far field. Though a silver far-field superlens concept is demonstrated here, a more practical and better performing far field superlens microscope can be realized by further development of negative materials. Producing flawless images has been a lens maker's aspiration for many decades. The far-field superlens optical imaging has great potential for many exciting applications in optical imaging, electronics manufacturing, and biomedical sensing. 
